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OBSERVATIONS ABOUT THE STRUCTURE OF ALKALI SILICATE

GLASSES AND MELTS AFTER THE INSERTION OF OH GROUPS *

Helmut Franz and Tibor Kelen**

Communication from the Max-Planck-Institute for

Silicate Research, Wirzburg _

SUMMARY: Electron/theory predicts regularities for the

alkali distribution in binary alkali silicate glasses and

for the reaction of water vapor with the silicate melt.

The dissolved water is installed as OH groups, the bond-

state of which is a very sensitive indicator for the

structure of the near surroundings. Structural details

such as generation of alkali "swarms" and occupation-

state of the single [Si04] tetrahedron by alkali ions are

discussed using the infrared spectra of water-containing

glasses.

1i. PROBLEM FORMULATION

A series of publications about the solubility and the installa-

tion of water or water vapor, respectively, in glasses and glass

Reported by H. Franz to the professional committee I of the
DGG on April 21, 1966, in Wii-rzburg.

•* Helmut Franz, Wirzburg and Tibor Kelen, Budapest

•** Numbers in margin indicate pagination in original foreign text.
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melts has appeared during the last 10 years. In most of the cases

the authors tried to draw conclusions from their results of

measurements about the mechanism of the reaction of water vapor

with the glass or the melt. From the solubility equation I

CH 20 dissolved = k'(PH20 )
1 /2 (1)

which was found by Walsh and collaborators [1] with slag and

by several other authors [2 to 11] with different glass compo-

sitions, one can deduce that H 2 0 melts of oxides are not molecu-1

larly dissolved but are cleaved into two parts during the solubili-

zation process. This notion is supported by the results of Scholze

[5], who could prove by infrared spectroscopy that water dissolved

in glasses exists exclusively in the form of OH-groups.

In a previous publication [9], the relation between water

vapor solubility and the melt's basicity, was demonstrated. A

discussion of possible reaction equations for the reaction of the

H20 molecule with the oxygens in different bond-states (bridge-

oxygens, hole-oxygens, free oxygen ions) was deliberately

abandoned. The reaction was formulated in a general way as an ion

equation:

HO+ 02- 2 OH (2)
20(Gas) (Melt) 2 (Melt)

and the solubility considered as a function of the average

activity of the oxygens in all bond-states. However, in the

literature the different reaction possibilities are also dis-

cussed. Moulson and Roberts [7], Adams and Douglas [12] and

Hetherington and Jack [8] assume the following mechanism for

the reaction of water vapor with silica glass:

-Si-O--Si-+H20->=Si-OH+HO-Si=-- (3)
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This formulation is also reported by Tomlinson [2], Russell

[31, Kurkjian, and Russell [4], Scholze [5], and by Uys and King

[13], also for the reaction of water vapor with silicate glasses,

however, partially restricted to systems which are low in alkali.

This mechanism also explains the network-cleaving effect of

dissolved water, which becomes manifest by the lowering of the

viscosity, as one can see from the literature.

For glass melts with higher contents of network modifiers

different reaction mechanisms are proposed. Kurkjian and

Russell [4] assume the following course of the reaction:

=-Si- ONaO- Si + H 2
0 () (4)

-_Si-O-Si +2Na++2OH-,

in part also

Na
2 (_Si-O O-Si ) + H2 ,O(G,

Na (5)
-2(-Si-O-H-- O--Si-) +O0

Na

or
Na

(_ Si-O-Si-)+ (-Si-ONaO-Si) +H20()G.-

Na (6)
( Si-O-H-0-Si-) + ( Si-O-H- O-Si-).

Na

According to Equation (4) which is also applied to systems

with high alkali contents by Uys and King [13], a Si --- S----

bridge would be created by the reaction of a separation site

with water vapor, which seems unlikely. The reactions (5-) and

(6) which, moreover, should still be possible, accommodate the

OH-groups with strong hydrogen bonds, which were proven by

Scholze [5] to exist in such glasses. Adams and Douglas [12]

set up the following reaction equation:
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2 (= Si-O--Si-) + Na2 O + H20-

2('Si-OH . " --- Si-=).
Na+

The Equations (3) to (7) show, strictly formally, possibili-

ties of reaction of the water molecule with the silicate melt, but

do not allow any statements about the course of the reaction

and its regularities. In the following we will attempt to

investigate these regularities on the basis of electron theory

which was applied to the silicate bond by Noll [14]; we also

want to demonstrate the connections between the structure of the

glasses and the infrared absorption of the OH-groups in

silica glass and silicate glasses.

2 SILICA GLASS

The essential elements of the SiO 2 glass are [Si0 4 1]- /142

tetrahedrons which are connected to an irregular, three-

dimensional network via common oxygen vertices. In the molten

condition, these Si---O--Si- bonds are more or less activated

by thermal excitation and because of their irregular near environ-

ment. In the reaction with water vapor, the attack will most likely

occur at the momentarily weakest bond.

During its entry into the melt, the water molecule is cleaved

into two units, as was shown in the introduction. One may

assume that a dissociation according to

H 20-+H++OH- (8)

occurs. As the primary step of the hydrolytic cleavage of the

Si--O--Si-bond, two possibilities are theoretically conceivable:
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a) addition of the proton at the reactive oxygen anion and

b) addition of the hydroxyl ion at the silicium cation.

According to Weyl [15] mechanism a) is favored if polar-

izable anions are present; on the other hand, b) is favored if the

cation can widen its coordination which is very unlikely in the

very stable tetra-coordinated silicium cation in usual silicate

glasses. One therefore has to assume that the hydrolysis reaction is

initiated by a proton addition at the bridge-oxygen according

to a), with subsequent cleavage of the Si--O-bond and filling of

the free valence at the Si-cation by the hydroxyl group:

6- 6+

- Si-O-Si--+ Si-O ...* Si-
: (9)

H+OH-  H6+ OH-

Initial Transition
state

--- Si-OH + HO-Si.I

Final state

The OH-groups created herewith, however, are not strictly

monomeric (as e.g., in the case of triphenyl sinanol in very

dilute solution) but they can form hydrogen bonds to adjacent

oxygens, that is, to bridge-oxygens at the same and at adjacent

tetrahedrons and to oxygens of neighboring OH-groups (bonding

type A). The strength of these H-bridges, however, will be very

small because these partner-oxygens are already strongly polarized

by the neighboring strong cations Si and H+, respectively, and,

therefore, have little affinity to the bridge bond. The bond

strengths of the different H-bridges depend on the polarization

state of the partner-oxygen in question and therefore, will differ

somewhat, whereby one has to take into account a further different-

iation because of the different 0-0 distances.
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The monomeric triphenyl silanol

PhPh-Si-OH

shows a sharp stretching frequency band at 2.72 pm. In the

spectrum of the SiO 2 -glass, the strength of the H-bridges is too

small; however, the position of the OH-stretching frequency band may

be shifted insignificantly to larger wavelengths. Moreover,

a broadening of the OH-stretching frequency band is expected because

of the small energy differences of the single oscillators. Since

all H-bridges lead more or less to a weakening of the OH-bond, a

broadening of bands can only occur in the direction to larger

wavelengths, whereby the OH-band becomes asymmetrical. These con-

siderations are confirmed by Figure 1 where IR-spectra of triphenyl

silanol and silica-glass are compared.

3. BINARY ALKALI SILICATE GLASSES

3.1. Water-free systems

During cleavage of a Si--O--Si-bond in a SiO 2 -melt by one

molecule of R20 , the primary step (in analogy to the H 2 0-attack)

might be the addition of a cation R+ to the bridge-oxygen, whereby

the attack will occur at the bond which is favored at that moment.

The assumptions change, however, if alkali hole-sites are already

present. As demonstrated by Noll [14], the Si-O-bond has to be

considered as resonance bond of covalent, polar, and double bond

contributing forms. The metal atom M at the separation-site has

less attractive force on the electrons of the separation-site

oxygen than the silicium atom because of its smaller electro-

negativity, so that it acts as electron "donor" in respect to it.

In the bond Si--O(M) the covalent and double bond proportions
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are thereby enhanced. This leads to an increase of the polar

proportions in the neighboring bond Si--O( +Si), which entails

that the bridge-oxygen enhances there its negative formal charge

6 and thereby its polarizability and reactivity to a cationic

attack. These effects are the stronger the more the electro-

negativities of M and Si differ, i.e., the larger the donor

effect of M against Si is (scheme according to Noll [14]): /143

I i:d" Uc 9IIa 11
- Si - - Si-- -- Si- 0- Si--->-Si . 6 Si-

1 - I I -- I -- I

Donor effect of M against Si increasing

a ~-Glass
0

-I

Wavelength X in pm---

Figure 1. Comparison of the OH-band in the IR spectra of tri-
phenyl silanol. (0.025 Mole/l in CC1 4 and Si02-glass (d= 0.6 mm).

if these conclusions are transferred to the glass structure,

one recognizes that by an alkali separation site at one vertex

of a ~iO 4 ] tetrahedron, the negative charge of the other bridge-

oxygens of the same tetrahedron is increased. The attack of

another alkali cation will therefore occur at such a bridge-

oxygen which has become more easily polarizable because of the

neighboring separation site.

7



The accumulation of alkali at one tetrahedron is thereby I

indeed favored, but at the same time,the local offer of reactive

alkali oxide decreases with every bound alkali ion. Probably

the mutual repulsion of the cations with like charges also plays

a role in the counter-current influence. This way it has to

necessarily result in an equilibrium state in which all four fill-

ing steps of a [SiO 4 tetrahedron by alkali ions show a certain

probability. The quantitative situation will be treated in more

detail in Section 3.6.

3.2. The reaction with water vapor

In Section 2, the mechanism of attack of water in the Si0 2 -

system was described. In a binary alkali silicate melt, different

suppositions exist insofar as the proton attack can here occur at

two differently polarized oxygen atoms, which are generally

designated as bridge-oxygens (a) or oxygens bound to an Si (b):

a) at the oxygen in the Si-O--Si-bond, according to

Equation (9),

b) at the oxygen in the Si--O--R+-group, according to

Equation (10):'

=Si-O-R+ -- _Si-O R+ ->=Si-OH+R+OH -

H+OH -  HI+ OH- (10)

Initial Transition - Final
State\ statel State\

The reaction according to Equation (10) leads to an ion

exchanges R++->H+/. The exchanged alkali ion, with the hydroxyl

ion as partner, will, analogously to the proton, either cleave a

Si---O--Si-bond or it will evaporate. The literature [6, 16-18]

shows that the evaporation of alkali from silicate melts increases

rapidly with decreasing field strength and increasing alkali ion
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concentration, and also with the partial pressure of the water

vapor. This points to the attainment of an equilibrium between

the competing reactions (9) and (10) which is determined by

the composition of the glass. In accordance with the

electron theory, this equilibrium is shifted in the direction

of (9) at a high field strength of R+ (weak donor effect against

Si), but in the direction of (10) in case of a low field strength

of R+ (strong donor effect against Si).

3.3. The OH-groups in the glass structure

According to reaction Equation (9), as well as according to

(10), _ Si-OH-groups are created in the glass structure,

which can form hydrogen bonds to the oxygens of their closest

surrounding. The following five basic types theoretically result

thereby from the structure:
A) I I I I

-Si- -Si- -Si- -Si-
R+ IR+
O- O......H O O H. O 0-
1 I / I 1 /1 I

0--Si-O--Si-O -Si-O-Si-O O-Si-O-Si-O-
R+ I / I / I I R+

o O---H 0 0 H 0 0
I I I I I I

-Si- -Si- -Si- -Si- -Si- -Si-O-
I I I IR+

B) I D)-Si--
i R+

0 0 0 0-
I /H I I /H

- Si-O O---Si--Si--Si- -O---Si--O -- Si--O-Si-

I R+ R+ I I
O 0 0 0-

I I I R+
.-Si-I '

q I R+ E)
O 0- E) R+

O/H 0 O-
-0-Si-O O--Si-O-Si- I/ H I R +

Io R+ I--O--S---O 0-Si--O-
I R I I
o 0 I R+

-Si- I R+
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The OH-stretching frequency bands at 2.8, 3.6 and 4.25 Pm / 144

which appear in the infrared spectra of the alkali silicate

glasses and which can be seen in Figure 2, have to be assigned

to these different types of bonds. The curves shown here repre-

sent the difference between the IR-spectra of two samples of

the same glass, which differ only in their water content. In this

way, the primary absorptions of the water-free glasses could be

eliminated, which influence the spectra especially in the region of

the second and third band and which make the recognition of the

third band in many cases difficult.

Scholze [5, 19], could show that the first band at 2.8 vm

is caused by free OH-groups; the second band at 3.6 pm is caused

by OH-groups with hydrogen bonds to neighboring singly bound

oxygens, and the third band by the hydrogen bonds which bind

isolated [Si04]-tetrahedrons to the residual network.

One can easily recognize that the first band at 2.8 pm .--

originates from the bonding type A. In this case, the OH-groups--

in analogy to the silica glass - can only form very weak H-

bridges to oxygens which are bound to two Si, or to Si and H,

respectively. The polarizability of these partner-oxygens can

belinfluenced in many ways by alkali separation sites, which

exist in the neighborhood, so that a broad spectrum of the hydro-

gen bond energy is created. Thereby the first OH-band broadens

with increasing alkali content and is simultaneously shifted to

longer waves, as shown in Figure 3.

The types B,C,D, which differ only by the number of the

additional R+ cations at the same tetrahedron, correspond to a

hydrogen bond to singly bound oxygens. This tetrahedron is

connected with the residual network via at least one Si--O--Si-

bridge.
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Figure 2. IR absorption of the OH-groups in alkali silicate glasses.

Difference spectra between samples with different water contents

(numbers on curves = mole-% R20.

a) Fli, b) Na2O, c) Kg0.g

4i

NO,

-4

r~it

O n in t e Molectru o

Figure 3. Position of the first Figure 4I. Position of the 'secondl

OH-ba~id in the IR spectrum of OH-band in the IR spectrum of

alkali silicate glasses. alkali silicate glasses.
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The second OH-band at 3.6 vm can therefore be ascribed to the

bonding types B,C,D, which differ only slightly in terms of energy,

but differ considerably from type A. The small differences in the

hydrogen bonding energies of the types B,C,D, as well as the mani-

fold influence of the --OH...O-bridges by the irregular surrounding

are the cause for the large width of the 2nd band.

The position of this band depends on the polarized state of

the partner-oxygen of the H-bridge. If there is only one R+

cation in the immediate vicinity of this oxygen, then this one is

least polarized andjtherefore,\the H-bridge bond the strongest,

from which a longer wavelength of the OH-oscillation results.

The more R+ ions enter into the neighborhood with increasing

alkali content of the melt and the higher the field strength of R+

is, the stronger is the polarization of the partner-oxygen. The

H-bridge,jtherefore,\becomes weaker and the OH-band is shifted to

shorter waves (Figure 4). In this way, it can be understood

that the first OH-band is shifted to longer wavelengths with in-

creasing alkali content, the second band, on the contrary, to

smaller wavelengths.

The bonding type E schematically shows the very strong

hydrogen bond discussed by Scholze [5] with which an isolated /145

[Sio 4 ]- tetrahedron is bound to the residual network. The

corresponding OH-stretching frequency band appears always at

4.25 pm independent of the composition of the glass.

3.4. Ratio of the proportions of the OH-groups in the

different bond-states

It could be shown in Section 3.1. that the attack of more

alkali oxide on the SiO 2 - network predominantly occurs at sites

where the oxygens in Si--O--Si bonds are activated by neighboring

alkali separation sites. This leads necessarily to a local accu-
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mulation of alkali ions, i.e., to alkali "swarm" formation, which

was first pointed out by Dietzel [20] and which was later proven

by Oberlies [21] by the electromicroscopical detection of the

phase separation in the micro-range. In the meantime, Vogel and

collaborators [22] could also electromicroscopically detect this

phase separation in glass which is free of the Tyndall-effect,

besides others in the system Li20-SiO 2 . In these glasses, there-

fore, alkali rich and SiO 2 -rich domains exist beside each other.

It can now be expected that the attack of the water vapor

according to reaction-Eqluation (9), in which a Si--0--Si-bridge

is cleaved, will occur with higher probability in the Si02-domain,

because in this case, mainly bridge-oxygens are present, whereas

the availability of singly bound oxygens and exchangeable alkali

ions is smaller. Accordingly, in this domain the bonding type A is

favored, which is expressed in the first OH-band at 2.8 pm.

The attack according to reaction Eqjuation (10) will predomi-

nantly occur in the alkali "swarm" domains, where the concentra-

tion of singly bound oxygens is high. Accordingly, the alkali

availability for ion exchange R+ --* H+ is here the greatest and

the number of the Si--O--Si-bridges is the smallest. In these

domains, the bonding types B,C,D and E, which lead to the second

and third OH-band at 3.6 and 4.25 pm, are predominantly present

because of the large number of singly,bound oxygens.

The intensity ratios of the OH-bands 1 and 2 + 3,1as well as

the ratio of the proportions of the OH-groups in the different

types of bonds,can therefore yield information whether reaction

(9) or (10) is favored during the attack of water vapor on the

melt. The proportions of the dissolved "total water" in different

bonding states are demonstrated in Figure 5, as they can be

deducted from the IR spectra using the extinction coefficients

calculated by Scholze [5] and in reference [9].
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f Total Total

c) -Mole %

otand 3: OH-group with H-bridge bonds.

a) MLiO, b) N2, c) KOb) ,L- -

Figure 5. Distribution of the water dissolved in alkali silicate
melts at pH2O to different positions. Position 1: Free OH-groups,
Groups 2 and 3: OH-group with H-bridge bonds.

a) Li,O, b) NaO, c) K20.\

3.5. Conclusions regarding the structure of alkali silicate

melts

The relations presented in Figure 5 show clearly how the

distribution of the alkali ions in the network of the glass is

mirrored by the distribution of the OH-groups in different bond-

states and in the spectrum resulting therefrom. The field strength

or, from the standpoint of the electronic theory, the donor proper-

ty of the alkali ions (see Section 3.1.) is decisive for this

distribution and hence for the structure of the alkali silicate

melts and glasses.

In the system Li 20-SiO 2 , the OH-proportions in positions 1,

as well as in 2-3, increase with increasing Li20-content andl

thereby indicate that SiO 2 -rich and alkali-rich domains exist

beside each other. However, the separation-site oxygens in the

alkali "swarm" domains are so extensively polarized by the rela-

tive strong Li+ cations that,lbesides the ion exchange Li+ -- H+
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I[Equation (10)], the separation of Si---O-Si-bridges also occurs

during the reaction of the glass with water vapor [JEquation (9) 
].

The course of the curves in Figure 6 allows the observation 
that the

ion exchange mechanism is only favored at a higher availability

of Li+.

(In the system Na20O-Si0 2 , the increase of the H2 0- solu-

bility with the alkali content is almost exclusively due to t-e-

increased insertion of OH-groups according to reaction Equation

(10), as demonstrated by the course of the curves in 
Figure 6.

The almost Na20 content independent proportion of the OH-groups

in position 1 which do not have any singly bound 
oxygen in their

surrounding and therefore must be present in a domain similar to

silica glass, supports unequivocally a "swarm" structure 
of these

glasses.

In the system K20-SiO 2 , the number of OH-groups in positions

2 and 3 increases strongly with increasing alkali content 
whereas

the number of OH-groups in position 1 decreases rapidly 
even at

low K20 contents. This shows that "swarm" formation is present only

at low K20-contents,whereas the K+ ions become more and 
more

equally distributed when the K20-proportion 
increases. The

donor effect of a potassium ion at a separation-site is hence so

pronounced that not only the bridge oxygens 
at the other vertices

of the same tetrahedron increase their formal charge 6,but also /146

other oxygens of the adjoining neighborhood become 
more reactive

to a cation attack. Thereby the SiO 2 -rich domains become smaller

with addition of more K20 and finally disappear with higher

K2 0 contents.

These conclusions are supported by the calculations 
of Urnes

[23] who concluded on the basis of cryoscopic 
and X-ray crystallo-

graphic data that in alkali melts which are more acidic 
than the

metasilicate, an equal distribution exists 
only in the systems

Cs20-SiO2 and Rb20-SiO 2 . In the system K20-SiO 2, slight deviations

15



can already be detected which become much stronger in the

systems Na 20-Si02 and Li20-Si02 where they unequivocally indi-

cate an lkali enrichment in "swarm" domains. A small deviating a

tendency' in the system Na20-Si02 which becomes even more clear

in the system Li20-Si02 was previously inferred by Dietzel [201,

from the weak sigmoid shape of the melting curves of these

systems.

In this connection, it is

interesting that the change of
4a

the surface tension, with the

A - alkali content in the three

4 ) alkali silicate systems, shows a

.j distinct parallel to the water

i AV AfW? x content in position 1, that is,
-Mole~%4---

to the proportion of the OH-groups

0 inserted in SiO 2 -rich domains,

O A as shown in Figure 6. It there-

4J fore can be assumed that the

P4 surface tension of these melts

t A is strongly influenced by the
-Mole;--p.-

polarized state of the oxygens in

Figure 6. Surface tension of the marginal zones of these
binary alkali silicate melts at domains resembling silicic acid.
13000 C according to Shartsis
and Spinner [241] and amount of
water dissolved in position 1.

3.6. Distribution of the alkali ions

The intensity ratios of the 2nd and 3rd OH-band at 3.6

and 4.25 Pm, yield more detailed information about the different

occupation states of the single [Si0 4 ] tetrahedrons by alkali

ions and the alkali distribution in the "swarm" domains, and

their fine structure. Scholze [51 could calculate from a large

number of results of measurements that in all silicate glasses,
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4J OFF

a) -Wave1ength,_ --- b) -Wavelength/ /-- c) 0- WavelengthA /0-- -

Figure 7. Infrared absorption of Oh-groups in alkali silicate
glasses with low R 2 0 contents. Difference spectra between
samples with different water contents. (Numbers on curves =
Mole-% R 20.

a) Li20O, b) Na2O, c) K20.

the ratio of the OH-concentrations, as indicated by the OH-bands

2 and 3, amounts on the average to 3:1, independent of the

glass composition. This result is confirmed by our own measurements

insofar as they showed that in the IR spectra of all tested

binary and ternary silicate glasses the ratio of the intensities

of the bands 2 and 3 is almost the same, independent of the kind

and the concentration of the alkali, and alkaline earth ions and

also independent of the total concentration of the Oh-groups

of the glass. If one takes into account that - as schematically

shown on Page 12, band 2 is caused by OH-groups with hydrogen

bonds to [Si04] tetrahedrons which are singly, doubly and triply

occupied by alkali ions (bond-types B, C, D)>'and that band 3 is

caused by H-bridges to fourfold filled tetrahedrons (bond type E),

one easily arrives at the conclusion that an equilibrium exists in

alkali silicate melts in which [Si04]-tetrahedrons (filled with

one, two, three and four alkali ions corresponding to types B,
C, D and E on Page 10, occur with about equal probability, because

then the experimentally found 3:1 ratio of the OH-concentrations

in positions 2 and 3 is fulfilled.
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The question arises in which domain of the mixture this

equilibrium exists. Figure 7 shows that the 2nd and 3rd OH-band

also occur in the IR spectra of glasses with very low alkali

contents. The appearance of the third band indicates that, in

these glasses, isolated [Si04]-tetrahedrons do exist which are

filled with four alkali ions (type E). Moreover, the constant

ratio of the intensities of bands 2 and 3, which also here is

independent from the alkali content, shows that [Si04]-

tetrahedrons which are filled with one, two, three and four /147

alkali ions (types B, C, D, E) are not formed at high alkali

contents only, but already at the beginning of the addition of

alkali oxide to a SiO2-melt, with about the same probability.

This picture of the structure also yields an explanation for

the fact that the average Na-Na distance (independent from the

alkali concentration) is about 2 A, as Mueller-Warmuth and colla-

borators [25] calculated from measurements of the nuclear magnetic

resonance. Mueller-Warmuth state the opinion that one hereby deals

with the distance of a Na pair at a separation-site, that is,

with Na+ ions which are situated on different (neighboring) [Si0 4 ]-

tetrahedrons:

I Na +

-Si--O- O---Si-.
I. Na +  'I

However, he further has to assume that the two separation-

site oxygens and the corresponding Na+ ions cannot migrate far

apart. However, the dramatic decrease of the viscosity of a

SiO 2 - melt by small alkali additions (which Dietzel [20] has

already pointed out) indicates that an increased mobility and

an easier flow of structural units is effected by the alkali

separation-sites. During this flow process, not only the singly

bound oxygens at a separation site migrate apart but simultaneously,l

also the two accompanying Na+ ions. On the .other hand, the

average distance of Na+ ions, which are present at the same

18
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tetrahedron according to the above structural scheme and, there-

fore, in the same flow unit, will not change during the flow

process.

At very high alkali contents, one has to take into account that

free alkali oxide, which is not bound in the structure, also

does exist in melts. In a completely homogeneous alkali distri-

bution, these free R+ and 02 - ions should only exist above the

orthosilicatic composition, but do exist in "swarm" domains

already at lower alkali contents if local enrichments are present.
2-

The free R+ and 0 2 - ions can then react with water vapor accord-

ing to

2 R+ + 02- + H20 - 2 (R+OH-) (11)

This reaction should be recognizable by a strong enhancement of

the water vapor solubility, whereby it may be supposed that a new

band appears also in the IR spectrum which is caused by the OH-

stretching frequency of the alkali hydroxide.

Our own experimental data do not yield information on this

point because they are only good for alkali contents up to about

40 mole % R20. Uys and King [13], on the other hand, investi-

gated the solubility in the system SiO 2 up to the orthosilicatic

composition; their results are shown in Figure 8. Up to about

45 mole % Li20 the solubility increases almost linearly, also

quantitatively in very good agreement with out own measurements

(9), and then.increases steeper and steeper. An almost identical

course is also exhibited by the evaporation of alkali oxide from

alkali silicate melts, as the results of Turner and Preston [161

and the newer data of Dietzel and Merker [17]\ show in Figure 9.

This is plausible since the free alkali oxide can evaporate much

easier than the one which is bound in the structure. [-o
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From these experimental data, one has to conclude that the\
istructural equilibrium exists between the different alkali filling
steps of a [SiOh]- tetrahedron up to a content of about 40 mole% of
alkali oxide, whereas at higher contents, especially in the alkali

ft 2-
"swarm" domains, also free R+ and 02- ions in the ratio R2 0

do appear.

4. SUMMARY

Regularities for the reaction of alkali oxide and water

vapor with a silicatic melt follow from electron theory. In the

reaction with one molecule of R20, a Si--O--Si-bridge is cleaved,

i.e., a separation site is created. The alkali atom at the

separation-site acts as electron donor for the silicium atom.

This entails that the bridge oxygen in the neighboring Si--O--Si-

bond enhances its negative formal charge 6-, and thereby promotes

a further alkali attack. This leads necessarily to an accumula-

tion of alkali ions at the same tetrahedron and in the further course

(of the reaction), to the formation of alkali "swarm" domains in /148

a SiO2-rich surrounding.

In the reaction of water vapor with silica glass, the cleavage
of a Si--O--Si-bridge is initiated by a proton attack against

the bridge-oxygen. Besides this, an ion exchange H+ --+ Na+ occurs

in alkali containing melts.

The equilibrium between these two reactions is determined by

the polarized state of the bridge and separation-site oxygens.

For the bond-state of the OH-groups inserted into the structure,

five basic types result theoretically which are shown schematically

on Page 9.

Bond-type A causes an OH-band at 2.8 pm in the IR spectrum,

the types B,C,D cause an OH-band at 3.6 pm and type E a band at

4.25 pm. The bond-state of the OH-groups islthereforela sensitive
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indicator for the structure of the near surrounding. From position

and intensity ratios of the three OH-bands, as a function of the -

kind and concentration of alkali, the following conclusions can be

drawn:

a) in lithium and sodium silicate glasses,Ialkali-rich and

SiO 2-rich domains exist beside each other ("swarm" formation),

whereas in potassium silicate glasses an approximation to a uni-

form distribution occurs with increasing K 2 0-content.

b) a local decrease in reactive alkali oxide opposes an

accumulation of alkali ions at a [SiO ]-tetrahedron so that an

equilibrium is established in which all four filling states of the

tetrahedron with alkali ions, corresponding to the types B,C,D,E

on Page 91 , possess about equal probability. This equilibrium

exists already at very low alkali contents and is preserved up

to about 40 mole % of R2 0,whereas at higher contents free R+ and

02- ions appear in the ratio R2 0. The existence of these free,
2-

not structure bound R+ and 0 ions is the cause for the strong

increase of water vapor solubility and for the alkali evaporation

at alkali contents of more than 40 mole % R 2 0.
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Thanks are due to the Deutsche Forschungsgemeinschaft, Bad Godes-

berg, for an IR-spectrograph.

22



REFERENCES

1. Walsh, J. H., J. Chipman, T. B. King and N. J. Grant.
Hydrogen in Steel Making Slags. J. Metals, Vol. 8, 1956,
pp. 1568 - 1576.

2. Tomlinson, J. W. A Note on the Solubility of Water in
Molten Alkali Silicates. J. Soc. Glass Technol., Vol. 40,
1956, pp. 25T - 31T.

3. Russell, L. E. Solubility of Water in Molten Glass. J.
Soc. Glass Technol., Vol. 41, 1957, pp. 304T - 317T.
[Ref. Glastechn. Ber, Vol. 31, 1958, p. 438.]

4. Kurkjian, C. R. and L. E. Russell. Solubility of Water in Molten
Alkali Silicates. J. Soc. Glass Technol.,.Vol. 42, 1958,
pp. 130T - 144T. [Ref. Glastechn. Ber., Vol. 33, 1960,
p. 27.]

5. Scholze, H. The Insertion of Water in Glasses. I. The
Influence of the Water Dissolved in the Glass on the IR
Spectrum and the Quantitative IR Spectroscopic Determination
of Water in Glasses. II. IR-Measurements with Silicate
Glasses of Systematically Varied Composition and Inter-
pretation of the OH-Bands in Silicate Glasses. III. IR-
Measurements with More Glasses. IV. The Influence of
Water on Some Properties of the Glass, Especially on Den-
sity and Refraction of Light. Glastechn. Ber., Vol. 32,
1959' pp. 81 - 8 8 ,(Part I), pp. 142 - 152 (Part II),
pp. 278 - 281 (Part III), pp. 314- 320 (Part IV).

6. Scholze, H., H. Franz and L. Merker. Installation of Water in
Glass. VI. Influence of Water on Glass Properties,
Especially Density and Light Refraction. Glastechn. Ber.,
Vol. 32, 1959, pp. 421 - 426.

7. Moulson, A. J. and J. P. Roberts. Water in Silica Glass.
Nature, Vol. 182, 1958, pp. 200 - 201. Trans. Brit. ceram.
Soc., Vol. 59, 1960, pp. 388-399. [Ref. Glastechn. Ber.
Vol. 35, 1962, p. 256.] Trans. Farad. Soc., Vol.57, 1961,
pp. 1208 - 1216.

23



8. Hetherington, G. and K. H. Jack. Water in Vitreous
Silica. Part I. Influence of "Water" Content on the
Properties of Vitreous Silica. Phys. and Chem. Glasses,
Vol. 3, 1962, pp. 129 - 133. [Ref. Glastechn. Ber, Vol. 37,
1964, p. 263.

9. Franz, H. and H. Scholze. The Solubility of H2 0 Vapor in Glass
Melts of Different Basicity. Glastechn. Ber., Vol. 36,
1963, pp. 347 - 356.

10. Franz, H. Investigations on the Acidity-Basicity Ratio in
Melts of Oxides. I. IR-Spectroscopic Investigations on
the Solubility of Water Vapor in B203 Melts. Glastechn.

Ber., Vol. 38, 1965, pp. 54-59.

11. Franz, H. The Solubility of Water Vapor in Alkali Borate
Melts. J. Amer. ceram. Soc., Vol. 49, No. 9, 1966,
pp. 473-477.

12. Adams, R. V. and R. W. Douglas. Infra-red Studies on Various
Samples of Fused Silica with Special Reference to the Bands
Due to Water. J. Soc. Glass Technol., Vol. 43, 1959,
pp. 147T - 158T. [Ref. Glastechn. Ber., Vol. 34, 1961,
p. 2251.1

13. Uys, J. M. and T. B. King. The Effect of Basicity on the
Solubility of Water in Silicate Melts. Trans. Metall.
Soc. Amer. Inst. Metal Engrs., Vol. 227, 1963,
pp. 492 - 500.

14. Noll, W. The Silica'tic Bond from the Standpoint of the
Electron Theory. Angew. Chem., Vol. 75, 1963, pp. 123-130.

15. Weyl, W. A. and E. C. Marboe. The Constitution of Glasses.
Vol. I. Fundamentals of the Structure of Inorganic
Liquids and Solids. New York and London: Wiley, 1962,
pp. 81-93. [Ref. Glastechn. Ber., Vol. 37, 1964, p. 226.]

16. Turner, W. E. S. and E. Preston. The Volatilisation and
Vapor Tension at High Temperatures of the Sodium-Silicate-
Silica Glasses. J. Soc. Glass. Technol., Vol. 16, 1932, pp.

331- 349. [Ref. Glastechn. Ber., Vol. 11, 1933, p..419.]
A Study of the Volatilisa\tion from Potassium Oxide-
Silica Glasses. J. Soc. Glass Technol., Vol. 17, 1933,
pp. 122-144. [Ref. Glastechn. Ber., Vol. 12, 1934,
p. 391.] The Volatilisation of Lithium Oxide at High
Temperatures from Lithium Oxide-Silica Glasses. J. Soc.
Glass Technol., Vol. 18, 1934, pp. 143 - 168. [Ref.
Glastechn. Ber., Vol. 13, 1935, p. 172.]

24



17. Dietzel, A. and L. Merker. Evaporation from Molten Glass.
Travaux du IVe Congres International du Verre, Paris, 1956.
Paris: F6d6ration des Chambres Syndicales de l'Industrie
du Verre, 1957, pp. 87-92. [Ref. Glastechn. Ber., Vol. 32,
1959, p. 28.

18. Dietzel, A. and L. Merker. Origin of Inhomogeneities in the
Glass Melt by Evaporation of Single Glass Components.
I. Glastechn. Ber., Vol. 30, 1957, pp. 134-138.

19. Scholze, H. and H. Franz. On the Question of the IR-Band at
4.25 pm in Glasses. Glastechn. Ber., Vol. 35, 1962,
pp. 278 - 281.

20. Dietzel, A. Glass Structures and Glass Properties. Glastechn.
Ber., Vol. 22, 1948, pp. 41- 50, pp. 81- 86, pp. 212 - 224.

21. Oberlies, F. On "Phase Separation" in Glass. Naturwiss., Vol
Vol. 43, 1956, p. 224. [Ref. Glastechn. Ber., Vol. 30,
1957, p. 396.1

22. Vogel, W. and H. G. Byhan. On the Structure of Binary
Lithium Silicate Glasses. I. The Course of Separation.
Silikattechn., Vol. 15, 1964, pp. 212-218 [Ref. Glastechn.
Ber., Vol. 39, 1966, p. 20.]

23. Urnes, S. Structure of Molten Alkali Silicates.
Trans. Brit. ceram. Soc., Vol. 60, 1961, pp. 85 - 95.
[Ref. Glastechn. Ber., Vol. 35, 1962, p. 290.]1

24. Shartsis, L. and S. Spinner. Surface Tension of Molten Alkali
Silicates. J. Res. Nat. Bur. Stand., Vol. 46, 1951, pp. 385 -
390. [Ref. Glastechn. Ber., Vol. 27, 1954, p. 324.]

25. Miller-Warmuth, W., G. W. Schulz, N. Neuroth, F. Meyer and
E. Deeg. Protons. in Glasses. Z. Naturforsch., Vol. 20a,
1965, pp. 902-917.

Translated for National Aeronautics and Space Administration under
contract No. NASw 2483, by SCITRAN, P. O. Box 5456, Santa Barbara,
California, 93108.

25


